The recruitment of chromatin regulators and the assignment of chromatin states to specific genomic loci are pivotal to cell fate decisions and tissue and organ formation during development. Determining the locations and levels of such chromatin features in vivo will provide valuable information about the spatio-temporal regulation of genomic elements, and will support aspirations to mimic embryonic tissue development in vitro. The most commonly used method for genome-wide and high-resolution profiling is chromatin immunoprecipitation followed by nextgeneration sequencing (ChIP-Seq). This protocol outlines how yolk-rich embryos such as those of the frog Xenopus can be processed for ChIP-Seq experiments, and it offers simple command lines for post-sequencing analysis. Because of the high efficiency with which the protocol extracts nuclei from formaldehyde-fixed tissue, the method allows easy upscaling to obtain enough ChIP material for genome-wide profiling. Our protocol has been used successfully to map various DNA-binding proteins such as transcription factors, signaling mediators, components of the transcription machinery, chromatin modifiers and post-translational histone modifications, and for this to be done at various stages of embryogenesis. Lastly, this protocol should be widely applicable to other model and non-model organisms as more and more genome assemblies become available.
Introduction
The first attempts to characterize protein-DNA interactions in vivo were reported about 30 years ago in an effort to understand RNA polymerasemediated gene transcription in bacteria and in the fruit fly 1, 2 . Since then, the use of immunoprecipitation to enrich distinct chromatin features (ChIP) has been widely adopted to capture binding events and chromatin states with high efficiency 3 . Subsequently, with the emergence of powerful microarray technologies, this method led to the characterization of genome-wide chromatin landscapes 4 . More recently, chromatin profiling has become even more comprehensive and high-resolution, because millions of co-immunoprecipitated DNA templates can now be sequenced in parallel and mapped to the genome (ChIP-Seq) 5 . As increasing numbers of genome assemblies are available, ChIP-Seq is an attractive approach to learn more about the genome regulation that underlies biological processes.
Here we provide a protocol to perform ChIP-Seq on yolk-rich embryos such as those of the frog Xenopus. Drafts of the genomes of both widely used Xenopus species-X. tropicalis and X. laevis-have now been released by the International Xenopus Genome Consortium 6 . The embryos of Xenopus species share many desirable features that facilitate and allow the interpretation of genome-wide chromatin studies, including the production of large numbers of high-quality embryos, the large size of the embryos themselves, and their external development. In addition, the embryos are amenable to classic and novel manipulations like cell lineage tracing, whole-mount in situ hybridisation, RNA overexpression, and TALEN/CRISPR-mediated knockout technology.
The following protocol builds on the work of Lee et al., Blythe et al. and Gentsch et al. [7] [8] [9] . Briefly, Xenopus embryos are formaldehyde-fixed at the developmental stage of interest to covalently bind (cross-link) proteins to their associated genomic DNA. After nuclear extraction, cross-linked chromatin is fragmented to focus subsequent sequencing on specific genomic binding or modification sites, and to minimize the contributions of flanking DNA sequences. Subsequently, the chromatin fragments are immunoprecipitated with a ChIP-grade antibody to enrich those containing the protein of interest. The co-immunoprecipitated DNA is stripped from the protein and purified before creating an indexed (paired-end) library for next-generation sequencing (NGS). At the end, simple command lines are offered for the post-sequencing analysis of ChIP-Seq data.
Preparations
1. Estimate the number of embryos required for the ChIP experiment (see discussion). 2. Prepare the following solutions which are stored at RT: 500 ml of 10x Marc's Modified Ringers (MMR) without EDTA, pH adjusted to 7.5 and sterilized by autoclaving (1 M NaCl, 20 mM KCl, 20 mM CaCl 2 , 10 mM MgSO 4 , 50 mM HEPES pH 7.5)
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, 1 ml of SDS elution buffer (50 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% SDS) and 1 ml of 5x DNA loading buffer (0.2% Orange G, 30% glycerol, 60 mM EDTA pH 8.0). 3. Prepare the following solutions which are stored at 4 °C: 50 ml of HEG buffer (50 mM HEPES-KOH pH 7.5, 1 mM EDTA pH 8.0, 20% glycerol), 500 ml of extraction buffers E1 (50 mM HEPES-KOH pH 7.5, 150 mM NaCl, 1 mM EDTA. 10% glycerol, 0.5% Igepal CA-630, 0.25% Triton X-100), E2 (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA), and E3 (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Igepal CA-630, 0.25% Na-Deoxycholate, 0.1% SDS), 500 ml of RIPA buffer (50 mM HEPES-KOH pH 7.5, 500 mM LiCl, 1 mM EDTA, 1% Igepal CA-630, 0.7% Na-deoxycholate) and 50 ml of TEN buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 150 mM NaCl). 4. Score and clip a 15 ml conical polystyrene tube at the 7 ml mark. Use this tube to contain nuclear extracts undergoing sonication. 5. For post-sequencing analysis, use a multicore Unix-style operating computer with at least 8 GB RAM and 500 GB free disk space. Install the following software locally of which most are used at the command line: FastQC, Illumina CASAVA- 
Chromatin Fragmentation
NOTE: Sonication is used both to solubilize and to shear cross-linked chromatin. Here are parameters to run the Misonix Sonicator 3000 equipped with a 1/16 inch tapered microtip and sound enclosure. If using other sonicators, follow the manufacturers' recommendations to shear cross-linked chromatin or use 6 to 12 W for 4 to 8 min in total.
1. Transfer the nuclear sample from step 3.7 into a custom-built tube for sonication (step 1.4). Keep the sample chilled during sonication by having the tube attached to an 800 ml plastic beaker filled with ice water via a short thermometer clamp. 2. Place the beaker on a laboratory jack. Adjust the jack so that the sonicator microtip is submersed in the sample to about two-thirds of the volume depth and centered without touching the tube wall. 3. Sonicate the sample for 7 min in total, interrupted every 30 sec with 1 min pauses. Set power to 1.0. Start the sonication and immediately increase the power setting (normally 2 to 4) to reach a reading of 9 to 12 W. Pause immediately if the sample begins to froth. Reposition tube and restart when the froth has completely disappeared. 4. Transfer the sheared chromatin into pre-chilled 1.5 ml microcentrifuge tubes and spin at full speed (>15,000 x g) for 5 min at 4 °C. 5. Transfer the supernatant to pre-chilled 1.5 ml microcentrifuge tubes. Collect 50 µl of the supernatant (ideally containing the chromatin of around 400,000 or more nuclei) to visualize the degree of chromatin fragmentation (section 5). Use the rest of the supernatant for ChIP (section 6). 6. Store samples at 4 °C for up to one day. Snap-freeze samples as aliquots (one per ChIP experiment) in liquid nitrogen for long-term storage at -80 °C. 
Imaging Chromatin Fragmentation

Chromatin Immunoprecipitation
NOTE: In this section, use low-retention 1.5 ml microcentrifuge tubes and at least 1 ml of indicated buffer per tube to wash magnetic beads for 5 min at 4 °C. Before removing the buffer from the beads, leave the tubes in the magnetic rack for 20 to 30 sec each time or until the solution is clear.
1. Transfer 10 to 30 µl of the supernatant (sheared chromatin) from step 4.6 to a new tube to be used later as input sample, which corresponds to approximately 1% of total chromatin used for ChIP. Store at 4 °C until ChIP samples are ready for reversing cross-links. 
ChIP-Seq Library Construction and Validation
NOTE: Current methods for DNA library preparation allow construction of high-complexity libraries for NGS from 1 to 2 ng. At the expense of some complexity, libraries can be made from as little as 50 pg of DNA (see Table of Specific Materials/Equipment). Use the same amount of DNA for both ChIP and input library. Briefly, to make indexed (paired-end) ChIP-Seq libraries, ChIP and input DNA need to be end-repaired, ligated to special adaptors (see Table of Specific Materials/Equipment), size-selected and PCR amplified.
1. Follow the manufacturer's guidelines to make ChIP-Seq libraries. See discussion for further recommendations.
2. Elute each library in 12 µl of elution buffer and determine the concentration of 1 µl of each ChIP and input library using a fluorometer. Expect concentrations of 5 to 25 ng/µl. Consider reducing the number of PCR cycles (fewer than 18 cycles) if concentrations are higher than 25 ng/ µl. NOTE: Accurate quantification is key to achieve optimal NGS results. Libraries with concentrations as low as 1 ng/µl after 18 PCR cycles can be sequenced, but frequently are of lower complexity. 3. Use 1 µl of library to determine the fragment size distribution and to check for any adaptor dimer contamination (band around 120 bp) by chipbased capillary electrophoresis. Repeat the solid phase reversible immobilization purification with a beads-to-sample ratio of 1:1 (instead of 1.6:1) if the library contains adaptor dimers. 4. Perform qPCR on validated positive and negative control loci (see section 10) to check whether similar DNA enrichment trends are observed before and after library preparation. Submit quality control approved libraries for sequencing.
Post-sequencing Analysis and Data Visualization
NOTE: Nowadays, NGS is often carried out by in-house or commercial sequencing facilities (see discussion for some NGS guidelines). The standard output are single or multiple gzip-compressed FASTQ files (*.fastq.gz) storing millions of sequencing reads. Normally, multiplexed reads are already separated according to their index and each read contains a sequence identifier and a quality control score (Phred+33 for Illumina 1.8+) for each base call. This approach here is only one out of many ways how to analyze NGS data. The reader is encouraged to check whether any of the following command lines require changes as this field is rapidly advancing and updates are occurring regularly. 
Pre-process sequencing data to remove adaptor contamination (homerTools trim -3 <adaptor sequence>) allowing one mismatch (-mis 1).
Use the first 20 bases of the (indexed) adaptor (5' to 3') proximal to the DNA fragment of interest upon ligation (shown for adaptor listed in the Here the profile is limited to one tag per base pair (-tbp 1) and normalized to 10 million reads (-norm 1e7). bigWig is one of the preferred format to dynamically visualize chromatin profiles with a genome browser such as IGV (step 9.12). 
Determine the distribution of tags (-d
> awk 'BEGIN{ FS='\t' } $7 >= -5000 && $7 <= 1000 \ { N[$8]+=1; R[$8]+=$9; LR[$8]=LR[$8]','$7'('$9')' } END{ for(i in N) \ { print i '\t' N[i] '\t' R[i]' \t' substr(LR[i],2)}}' ChIP_peaks.genes > ChIP_peaks.summary NOTE:
The number after $ refers to the column number, which may need modifying to fit the ChIP_peaks.genes file created in the previous step. This script exemplar filters out peaks beyond 5 kb upstream and 1 kb downstream of the TSS. $7, $8 and $9 refer to the distance to the TSS, the gene identifier and the normalized read count per peak, respectively. 11. Perform the analysis of enriched GO terms among target genes as follows:
1. Start the graphical user interface of Blast2GO from the command line via Java Web Start (javaws) 19 . > javaws http://blast2go.com/webstart/blast2go1000.jnlp 2. Follow the developers' instructions to upload the annotation file for Xenopus genes (xenTro7.annot) as generated in 1.9.4 and a flat file of identified target genes. Make sure that the same gene identifiers are used in both files.
12. Visualize chromatin profiles by adding bigWig (ChIP.bw, Input.bw) and BED files (ChIP_peaks.bed) into IGV as tracks. Complement data with RNA-Seq tracks if available for the same stage of development. Save results as a session. 13. Use programming platforms R (www.r-project.org) or MATLAB to further manipulate and visualize data as generated above. Alternatively, plot small datasets with Excel. 
Discussion
Our protocol outlines how to make and analyze genome-wide chromatin profiles from Xenopus embryos. It covers every step from cross-linking proteins to endogenous loci in vivo to processing millions of reads representing enriched genomic sites in silico. Since increasing numbers of genome drafts are available, this protocol should be applicable to other model and non-model organisms. The most important experimental section, which sets this protocol apart from previous work The antibody is key to any ChIP experiment and sufficient controls need to be carried out to show its specificity for the epitope of interest (see guidelines by Landt et al. 36 ). If no ChIP-grade antibody is available, the introduction of corresponding epitope-tagged fusion proteins may be a legitimate alternative as these proteins can occupy endogeneous binding sites 37 . In this case, uninjected embryos are best to use as a negative control rather than a ChIP with non-specific serum. This strategy may also be applied if the protein of interest is expressed at low levels resulting in the poor recovery of enriched DNA.
As for making ChIP-Seq libraries, because of the low amount of DNA in use, it is recommended to opt for procedures that reduce the number of cleaning steps and to combine reactions to keep any loss of DNA at a minimum. The adaptors and primers need to be compatible with multiplex sequencing and the NGS platform (see Table of Specific Materials/Equipment). If using Y-adaptors (containing long single-stranded arms), it is critical to pre-amplify the library with three to five rounds of PCR before size-selecting DNA inserts (e.g., 100 to 300 bp) by gel electrophoresis. Single-stranded ends cause DNA fragments to migrate heterogeneously. Trial runs with various amounts of input DNA (e.g., 0.1, 0.5, 1, 2, 5, 10 and 20 ng) are recommended to determine the total number of PCR cycles (less than or equal to 18 cycles) required to make a size-selected library of 100 to 200 ng. Reducing the number of PCR cycles renders the sequencing of redundant reads less likely. Solid phase reversible immobilization beads are good cleaning up reagents to efficiently recover the DNA of interest and reliably remove any free adaptors and dimers from ligation and PCR reactions.
In terms of number, type and length of reads, around 20 to 30 million single-end reads of 36 bp is enough for most ChIP-Seq experiments to cover the whole Xenopus genome with sufficient depth. The most prevalent NGS machines are routinely capable of meeting these criteria. However, it may be beneficial to increase the number of reads if a broad distributions of reads is expected, as observed with histone modifications, rather than sharp peaks. For many ChIP-Seq experiments, 4 to 5 differently indexed libraries can be pooled and sequenced in one flow cell lane using a high-performance NGS machine. Sometimes is also advisable to extend the read length and sequence both ends of the DNA template (paired-end) to increase mappability when analyzing chromatin within repetitive genomic regions.
This protocol has been applied successfully to a wide variety of chromatin features such as transcription factors, signaling mediators and posttranslational histone modifications. However, embryos acquire an increasing degree of cellular heterogeneity as they develop and chromatin profiles become harder to interpret. Promising steps have been made in Arabidopsis and Drosophila to tissue-specifically profile chromatin landscapes by extracting cell type-specific nuclei 38, 39 . Our protocol includes a nuclear extraction step, which could pave the way for tissuespecific ChIP-Seq in other embryos.
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